waveguide is proposed. The absorber material is a highly-porous carbon nanotube (CNT) aerogel prepared by freeze-drying technique. CNT aerogel structures are shown to be a good absorber with a low reflection coefficient, less than -12 dB at 95 GHz. Reflection coefficient of the novel absorber is 3-4 times lower than that of commercial absorbers with identical geometry. Samples prepared by freeze-drying at -25 °C demonstrate resonance behavior while those prepared at liquid nitrogen temperature (-196 °C) exhibit a significant decrease in reflection coefficient, with no resonant behavior. CNT absorbers of identical volume based on wet-phase drying preparation show significantly worse performance than the CNT aerogel absorbers prepared by freeze-drying.
INTRODUCTION
Many millimeter wave and terahertz frequency devices such as circulators, couplers, etc. require termination sections, commonly referred to as loads, to eliminate unwanted signals. Millimeter wave terminations are often realized by back-shorted waveguide sections, which present low reflections and absorb the incident energy due the presence of an electromagnetic absorbing material inside the waveguide. Load materials are generally magnetic Fe-based absorbers which are easily machined or molded. An ideal waveguide load should simultaneously offer high absorption but also low reflection coefficient, placing contradicting requirements on the absorber material. Therefore, such materials usually are shaped in a tapered geometry in order to improve their reflectivity and operating bandwidth ( Figure S1 a, b) . However, this tapering results in long absorbers of complex geometry, whereas a compact, thin absorber is required for integrated systems. Moreover, integrated waveguide systems, both passive and active, often require absorber materials to be compatible with standard CMOS and/or GaAs processing technology, typically requiring temperature treatment at 200-500 °C and prohibiting the use of epoxy or other polymer-based solutions. These requirements drive the search for new absorber materials, 1 in particular, carbon nanotubes (CNTs) which can be heated up to 1000 °C without destruction. 2 Over the last decade, developments in CNT technology proved that CNTs can effectively absorb electromagnetic waves due to the presence of sp 2 carbon. In 3 high frequency structure simulations
show that pristine CNTs deposited with the dry "press transfer" method of CNT layer formation at the wall of a dielectric waveguide can effectively absorb propagating waves. Alternatively, CNTs can be formed as a bubble-like structure ( Figure S2 ) that can provide potentially relevant electromagnetic wave absorption with low reflection coefficient. In 4-6 the bubble-like structure of the CNTs in a polymer matrix was successfully used to form a CNT based absorber, with good performance for the 
RESULTS
A schematic drawing of the structure is shown in Figure 1 and Figure S3 . The length of the dried aerogel section of 3.5 mm was measured by optical microscopy. Following the freeze-drying process, the aerogel material was examined using a low voltage (1 kV)
Scanning Electron Microscope (SEM). The highly porous nature of the CNT aerogel is clearly visible in the SEM images (Figure 2 a-d) . The freeze-dried aerogel has 0.1-10 µm scale features, making it electrically small at the frequencies of interest. Transmission electron microscopy (TEM) images By comparison, the same CNT solution wet-dried (not freeze-dried) has a very high return loss of -0.5 dB, close to the untreated back-short (Figure 3b ). As such, the proposed freeze-drying process is both very effective and useful for making embedded millimeter wave absorbers from CNT dispersion.
To investigate the influence of conductivity on the reflection coefficient, the CNT aerogel was exposed to both n-and p-dopants in the form of saturated vapor of monoethanolamine (MEA) and iodine (I2) respectively. The samples were exposed to the vapours at 80 °C for 20 minutes. When exposed to such vapours, the conductivity of the nanotubes changes due to the presence of carboxyl (-COOH), hydroxyl (-OH) and other oxygen containing groups on the nanotube surface and intrinstic adsorption properties. Reaction of amines with acids leads to neutralization and results in n-doping.
Interaction with I2 leads to additional electron withdrawal and hence an increase in conductivity. The material parameters (at 100 GHz) are: eps' = 1.3 eps'' = 0.78
Frequency, GHz 
DISCUSSION
The microstructure of aerogels (porosity and density) depends of the speed of freezing of initial CNT dispersions. 13 Under low speed freezing, growing water microcrystals force CNTs from the initial solution to the crystal surface and, after evaporation, the resulting aerogel structure has larger cavity sizes, connected by sheet-like CNT surfaces. During fast freezing, the CNTs spread between very small microcrystals, resulting in an aerogel with fewer structured microcavities and a more randomized structure. Aerogel microstructure has a strong effect on the electromagnetic properties of a given aerogel. The bronze mold cooled to -196 °C used for freeze-drying enables the creation of randomized "cotton-pad"-like structures with a bubble size of around 1 µm. If, instead, the initial temperature of the bronze mold was -25 °C the lower freezing speed results in a more structured aerogel with a cavity size up to 10 µm. According to the experimental results shown in (Figure 2 c,   d ) faster freezing (cooling with a significantly higher temperature gradient) leads to randomization of aerogel structure, which results a broadening the return loss and absence of resonance peaks (Figure 3, 4) .
The highly porous microstructure of the aerogel surface allows electromagnetic waves to be permeate in to aerogel volume, leading to an overall low level of reflectivity. The primary absorption mechanism of the CNT aerogels is likely multiple internal reflections within the sample (Figure S5 ).
There are several potential causes of multiple reflections in the "bubble-like" structured CNT aerogel.
Internal reflection inside the CNT structure, 14, 15 as well as multiple electromagnetic scattering between nanotubes in the aerogel demonstrated in the polymer matrix, 15, 16 (see Figure S5) , are the main causes of multiple internal reflections, leading to a significant increase in path-length for signals propagating through the material. Electromagnetic absorption by sp 2 carbon attenuates any propagating signal.
The most attractive feature of the proposed technology is that the CNT aerogel was embedded in the small cavity of a standard metal waveguide (with cross-sectional dimensions of 2.54x1.27 mm Figure   S2 ). Such structures can be formed of multiple different materials, where the resulting shape is then covered with carbon. Absorbers of this kind can be used for microwave frequencies, and perhaps for millimeter wave frequencies. For higher frequencies (i.e. those in the terahertz (THz) region), this process becomes significantly more complicated as the internal dimensions of the waveguides become less than a millimeter. In contrast, the method proposed here can be scaled to THz frequencies without any additional fabrication complexity.
CONCLUSIONS
A novel method of absorber material preparation, based on the freeze-dried CNT aerogel, for integration in a standard metal waveguide, was developed for the 75-110 GHz frequency band.
Despite their compact, non-tapered geometries, the resulting absorbers showed a low level of reflectance and good absorbance across the band due to the highly porous surface and low conductivity. The CNT aerogel-based samples were found to have significantly better absorbing performance than commercially available absorbing materials of the same geometry. Moreover, the reflection coefficient decreases drastically with increasing frequency. Samples prepared at -25 °C demonstrate resonance behavior, unlike those prepared with liquid nitrogen. Treatment of CNT aerogel with n-and p-dopants (monoethanolamine and iodine respectively) shows significant improvement in the performance of the freeze-dried CNT aerogel absorbers. This technology opens new opportunities for THz embedded absorbers.
METHODS
Sample preparation. The CNTs were synthesized according to the method described in. 17 "CNT aerogel" with porosity of 96% was prepared similar to the procedure described in, 13 i.e. the known volume of CNT water dispersion was placed inside a 6 mm long waveguide cavity of a WR-10 metal waveguide (Figure 7) . After fast freezing inside a precooled heavy bronze mold into which the waveguide is inserted, the waveguide with CNT absorber was placed in vacuum chamber at 10 -2 mBar for overnight drying. ASSOCIATED CONTENT
